Materials and Methods

Bone Cell Culture
Murine long bone-derived osteocytic (MLO) A5 and Y4 cell lines (gifts from Dr. Lynda Bonewald) were cultured in an inVIVO 2 hypoxia workstation [Kato et al., 2001] . For some experiments, cells were treated with 200 n M bafilomycin A, 25 n M rapamycin, or 1 M thapsigargin for 5 or 6 h.
In vivo Immunolocalization of Microtubule-Associated Protein Light Chain 3 (LC3) in Bone
Ten-month-old Wistar rats were sacrificed using IACUC-approved methods, while human femoral condyles following knee arthroplasty were collected with IRB approval. Bones were fixed, demineralized, and sectioned. Following antigen retrieval and treatment with Triton X-100, they were blocked, incubated with rabbit anti-MAP1LC3b (LC3) (1: 50), and treated with goat antirabbit IgG-488 (Invitrogen, Carlsbad, Calif., USA) (1: 200).
In vitro Immunolocalization of LC3 in MLO Cells
Cultures were fixed, permeabilized, and blocked in 10% FBS. They were incubated with rabbit anti-MAP1LC3 (1: 500) and treated with goat anti-rabbit .
Electron Microscopic Evaluation of Autophagy
Cells were fixed, postfixed with OsO 4 , and stained in uranyl acetate. They were then embedded in Epon-Araldite resin and ultrathin sections were counterstained with 0.3% lead citrate.
Western Blot Analysis
Cells were processed for Western blot analysis as described previously [Bohensky et al., 2009] .
siRNA-Mediated Suppression of HIF-1 ␣ The nucleotide sequence 5 GTCCAGAGTCACTGGGACT (nucleotides 1,438-1,457; mouse HIF-1 ␣ mRNA) was silenced by RNA interference, and permanent cell lines were selected using puromycin as described previously [Zahm et al., 2008] . A cell line with the reversed sequence was used as the control. Expression levels were verified by RT-PCR and Western blot analysis [Bohensky et al., 2009] .
Results
Osteocytes Display an Autophagic Phenotype
Immunohistological examination of longitudinal sections of a rat tibia showed that LC3 is distributed in a punctate pattern in osteocytes ( fig. 1 a) . Similarly, in transverse sections of the human femoral condyle punctate LC3 staining was seen in osteocytes, suggesting that these cells are autophagic ( fig. 1 b) . Particulate LC3 staining was not observed in osteoblasts or osteoclasts on bone surfaces or in osteocytic processes.
MLO-A5 Preosteocytes Exhibit an Inducible Basal Autophagic Flux
Figure 2 a and b shows that MLO-A5 cells generate the LC3-II isoform, indicative of its association with the autophagosome. Furthermore, inhibition of the lysosomal V-ATPase with bafilomycin A1 caused accumulation of the LC3-II isoform suggesting that these cells have an active autophagic flux. To determine whether this flux could be further induced, cells were treated with the autophagic stimulator rapamycin. Figure 2 c and d shows that rapamycin increased LC3-II levels. Moreover, when stressed by serum withdrawal, there was an increase in LC3-II levels ( fig. 2 e, f).
Anoxia Significantly Induces Autophagy in Preosteocytes
Figure 3 a and b shows that while basal autophagy was observed under normoxic conditions (20% O 2 ), there was a slight increase in LC3-II level under hypoxic conditions (2% O 2 ) and a significant increase in LC3-II levels in anoxia (0% O 2 ). 
Thapsigargin Induces Autophagy and HIF-1 ␣ in MLO-A5 Cells
We next treated MLO-A5 cells with thapsigargin, an inhibitor of the sarco/endoplasmic reticulum Ca 2+ ATPase pumps that regulate cytoplasmic calcium levels. Thapsigargin treatment resulted in an increase in autophagy as evidenced by an increase in LC3-II levels ( fig. 4 a, b) and a punctate redistribution of LC3 ( fig. 4 c) . We next examined HIF-1 ␣ expression following thapsigargin treatment. This drug caused a robust increase in HIF-1 ␣ protein levels at 20% O 2 ( fig. 4 d) .
HIF-1 ␣ Is Required for Thapsigargin-Induced Autophagy in MLO-A5 Preosteocytes
In (inverted) control cells, thapsigargin treatment resulted in the accumulation of LC3-II, indicating an active flux ( fig. 4 e, f). However, when HIF-1 ␣ was silenced, no accumulation of LC3-II was observed, indicating that this transcription factor is required for the induction of autophagic flux following calcium stress.
MLO-Y4 Cells Exhibit Significant Basal Autophagic Flux
There was a significant expression of LC3-II in MLO-Y4 osteocytes, indicating basal autophagy ( fig. 5 a, b) . We confirmed the presence of autophagosomes by TEM. Figure 5 c shows that few autophagosomes were formed in the MLO-A5 cells; double membrane-lined vesicles as well as autophagic isolation membranes were visible in the MLO-Y4 osteocyte-like cells ( fig. 5 d) .
Discussion
The goal of this investigation was to determine whether bone cells undergo autophagy and to ascertain if this process is regulated by environmental factors. In both rat and human cortical bone, many osteocytes exhibited a punctate distribution of LC3, a hallmark of autophagosome formation. Particulate LC3 fluorescence was not observed in osteoblasts or bone-lining cells. The autophagic osteocytes were most often seen at a distance from the haversian canal. However, since a simple gradient in autophagic cells was not evident, it must be presumed that multiple factors regulate the autophagic response.
Little is known concerning the induction of autophagic flux in bone cells in culture. In the unstimulated state, the less differentiated MLO-A5 cells expressed a low basal level of LC3-II together with the presence of some au- tophagic vacuoles and isolation membranes. In contrast, the more differentiated MLO-Y4 osteocyte-like cells exhibited elevated levels of LC3-II together with a considerable number of double membrane autophagosomes as well as defined isolation membranes. These in vitro studies lend support to the in vivo finding that, with differentiation, bone cells express a robust autophagic state. We examined autophagy in terms of microenvironmental factors that influence preosteocyte metabolism. Predictably, in serum-free medium, there was an increase in autophagosome formation; bafilomycin inhibition of vesicle acidification caused an accumulation in LC3-II levels, suggesting an active autophagic flux [Iwai-Kanai et al., 2008] . Rapamycin, a stimulator of autophagy, caused a marked increase in LC3-II levels [Yu et al., 2010] . These observations provide evidence that cells can respond rapidly to external conditions by regulating autophagic flux. That many osteocytes in vivo are in an elevated autophagic state would suggest that this pathway is operative in cells removed from growth factors and nutrients.
The observation that very low pO 2 promoted an autophagic state lends clear support to the notion that envi- ronmental factors regulate the survival of bone cells. We also noted that changes in ER calcium flux, linked to skeletal cell mechanotransduction and apoptosis, modulated autophagy. Inhibition of the calcium ATPase with thapsigargin resulted in an increase in the formation of punctate, LC3-II-labeled autophagosomes, a result which is in contrast to the recent report that UPR causes a block in flux [Rzymski et al., 2009] . Thus, changes in intracellular calcium due to high functional loading, osteogenesis imperfecta, or metabolic diseases could ultimately be linked to overstimulation of the autophagic flux, resulting in premature cell death. Surprisingly, thapsigargin treatment increased HIF-1 ␣ levels. In addition, HIF-1 ␣ was found to be required for thapsigargin-induced autophagy. This new finding accords with our earlier study showing that HIF-1 ␣ promotes autophagy in chondrocytes [Bohensky et al., 2009] . Thus, in addition to regulating the maturation and mineralization of bone cells, HIF-1 regulates the induction of bone cell autophagy [Zahm et al., 2008] . 
